Background: Short-chain fatty acids (SCFAs) have a role in maintaining bowel health and can assist in the prevention and treatment of colonic disease. The ability of acylated starches to deliver SCFAs to the large bowel has been shown in animal studies but has not been established in humans. Objective: The aim was to determine whether cooked, highly acylated starches were resistant to small intestinal digestion in ileostomy volunteers. Design: Volunteers consumed single doses of custards containing 20 g cooked acetylated, propionylated, or butyrylated high-amylose maize starches (HAMSA, HAMSP, and HAMSB, respectively) on each collection day. The amounts of starch and of esterified SCFAs ingested and subsequently excreted in the stoma effluent were measured. Custards containing unacylated high-amylose maize starch (Hylon VII, HAMS) and low-amylose maize starch (3401C, LAMS) were consumed as controls. Results: Between 73% and 76% of the esterified SCFAs survived small intestinal digestion, which showed the potential of acylated starches to deliver specific SCFAs to the large bowel. The resistance of starches to small intestinal digestion as measured by ileal excretion was significantly greater for HAMSA, HAMSP, HAMSB, and HAMS than for LAMS (P 0.001). The concentration of acetate in stoma digesta was higher than expected in all groups; this additional acid may have been derived from endogenous sources. Conclusions: Acylated starches are a potentially effective method of delivering significant quantities of specific SCFAs to the colon in humans. These products have potential application in the treatment and prevention of bowel disorders amenable to modulation by SCFAs.
INTRODUCTION
Short-chain fatty acids (SCFAs), principally acetate, propionate, and butyrate, are produced during the bacterial fermentation of carbohydrates in the human colon and are important for the normal function of the viscera. The actions of SCFAs have potential in the treatment and prevention of disorders of the colon, including constipation, diarrhea, colorectal cancer, and ulcerative colitis, and may assist in the acute recovery from chemotherapy and surgery (1) . Of the major SCFAs, butyrate is of particular interest because it has an important role as a metabolic fuel and regulator of the cells that line the large bowel and has been shown to suppress the growth of cancer cells in vitro (2) .
There are practical limitations with the current strategies to increase the levels of specific SCFAs in the colon. The consumption of resistant starch (RS) increases SCFAs in the large bowel; however, the use of RS is limited because the microflora of some individuals cannot ferment certain types of RS (3) . Acylating starches with specific SCFAs to resist small intestinal amylolysis has been shown to be effective in rat studies (4 -6) . The SCFAs are liberated by bacterial enzymes and are available for absorption and utilization by colonocytes or gut microbes. Acylating starches offers a degree of specificity in SCFA delivery because the greatest rise is in the acid that has been esterified, whereas the residual starch is also available for additional fermentation to SCFAs. To date, no studies have been conducted to investigate whether esterified SCFAs survive the transit through the small intestine of humans.
The present trial was designed to determine whether acylated starches were an effective vehicle for the delivery of SCFAs to the human colon. The starches were cooked (by heating with water) because it was anticipated that they will be used in processed food products, and cooking is known to lower the resistance of starches to amylolysis (6) . Known amounts of cooked test starches were fed to ileostomy volunteers, and the stoma digesta were collected. The resistance of the starches to small intestinal digestion and the proportion of esterified SCFAs in the stoma digesta were measured to determine whether the esterified SCFAs were available for release in the large intestine.
SUBJECTS AND METHODS

Subjects
All experimentation was approved by the Commonwealth Scientific and Industrial Research Organisation (CSIRO) Human Nutrition Human Ethics Committee. Volunteers signed informed consent forms after being provided oral and written information about the aims and methods of the study. Seven ileostomy subjects volunteered for the study, 6 women and 1 man with a mean age of 56 y (range: 37-81). All volunteers had wellestablished ileostomies and were in good health, without symptoms or signs of small intestinal inflammation or dysfunction. Five subjects had been proctocolectomized for ulcerative colitis and two for Crohn disease, which was limited to the large bowel. The major criteria used to exclude unsuitable volunteers included the use of any form of drug therapy, medication, or supplements on a regular basis that may interfere with bowel function, and the definite or suspected personal history of adverse events or intolerance of starchy or other foods, which may be tested in this study. An individual was included in the study only if, according to the volunteer, he or she had 10 cm of the distal ileum removed at surgery.
Study design
The trial was divided into 2 test periods, each of which consisted of 3 consecutive collection days (total of 6 d; Table 1 ). There were a total of 5 treatments, and the treatment sequence was balanced to ensure equal numbers of each acylated starch. To allow for possible carryover effects from day to day, the treatments were arranged so that each sequence of the diets occurred in each possible order for approximately the same number of times. The study was designed so that each volunteer consumed the custard containing low-amylose maize starch (LAMS) twice (total n ҃ 14) and consumed the custards containing the other starches once (total n ҃ 7 for each custard).
During the two 3-d treatment periods and for 24 h before each test period, the volunteers consumed a diet consisting of foods commonly consumed in a Western diet, which contained low levels of starch. The CSIRO provided the volunteers with all the foods consumed during these two 4-d periods of dietary restriction. The test custards were eaten by the volunteers in addition to the low-starch diet. To minimize the bacterial degradation of the stoma effluent, the volunteers emptied their stoma bags every 2 h until 2100 on the test days, and the contents were placed in portable freezers (Ҁ20°C). The final collection for each test starch was made at 0700 on the day after the starch was ingested so that the stoma were collected for 24 h after consumption.
Test products
The trial involved the consumption of 20 g of 3 acylated high-amylose maize starches (acetylated, HAMSA; propionylated, HAMSP; butyrylated, HAMSB) and 2 control treatments: LAMS (3401C; National Starch and Chemical Company, Bridgewater, NJ), which is a low-amylose maize starch that was included as a control to enable the baseline intake of RS to be determined; and HAMS (Hylon VII; National Starch and Chemical Company), which is a high-amylose maize starch containing Ȃ70% amylose. HAMS was the base used to manufacture the acylated starches used in the present study. The degree of substitution, which is the number of hydroxyl groups on each D-glucopyranosyl unit derivatized by substituent groups, was determined by the National Starch and Chemical Company by use of 13 C-NMR spectroscopy (DRX-500 spectrometer; Bruker, Billerica, MA), by using the resolution of the 6 glucose carbons as assigned by Dais and Perlin (7); the degrees of substitution were 0.23, 0.24, and 0.25 respectively, for HAMSA, HAMSP, and HAMSB.
The starches were consumed as milk-based chocolate custards that were baked at 170°C until set and were refrigerated for a maximum of 72 h before being consumed. Each serving of custard contained 20 g starch, 100 mL Pura classic chocolate milk (National Foods Ltd, Melbourne, Australia), 12 g Capilano chocolate topping (Capilano Honey Ltd, Richlands, Australia), and vanilla essence. The custards for one volunteer were made with lactose-free milk. Four batches of custards were made for analysis and for bacterial screening.
Sampling and analysis procedures
The stoma digesta samples from each volunteer collected during the 24 h after the ingestion of test custards were defrosted, pooled, homogenized, and subsampled for analysis. The custard and stoma digesta samples were analyzed for unesterified and total SCFAs. The latter were measured in custard and starch samples after they were hydrolyzed by vortexing for 2 h with 12.5 times the sample volume of 0.45 mol NaOH/L and neutralized with 10% H 3 PO 4 before distillation. The stoma digesta samples were freeze-dried and hydrolyzed before distillation and were analyzed for total SCFAs. The amounts of SCFAs in the hydrolyzed freeze-dried samples were compared with SCFA analyses of wet digesta samples to ensure that unesterified SCFAs were not lost during the freeze-drying of the digesta (data not shown). The SCFA analysis and dry matter determinations were undertaken as previously described (6) . Duplicate samples of 4 batches of each custard were distilled for SCFA analyses. To our knowledge, there is no standard or approved method to measure total starch in acylated starches; consequently, the custards and stoma digesta were analyzed by using a modification of a method (8) in which the starches were dispersed with 10 times the sample volume in 4.0 mol KOH/L. To determine whether the dispersal step resulted in complete hydrolysis of esterified SCFAs, the starch analysis of the custards was repeated by using the same method but with the incorporation of a pretreatment hydrolysis step in which the samples were vortexed for 2 h with 12.5 times the sample volume of 0.45 mol NaOH/L. This is the hydrolysis step used in a method to determine the acetyl content of acetylated starches (9) .
Calculations and statistical analyses
GRAPHPAD PRISM version 4.0 for WINDOWS computer software (Graph Pad Software, San Diego, CA) was used for statistical analyses and for the generation of the graphs. When appropriate, data were compared by using 1-factor analyses of variance with Tukey's post hoc test for multiple comparisons; a nonparametric Kruskal-Wallis test was used to compare the proportion of bound SCFAs that survived small intestinal digestion. To correct for the differences in variation between esterified SCFAs in the custards, a single estimate of variation was used for the comparisons of the levels of each acid, and the df were reduced when necessary; this was noted when undertaken. Data are expressed as means Ȁ SEMs, with statistical significance indicated when P 0.05.
To check for differences between periods, LAMS values were compared, and no significant differences were found. The LAMS values for each volunteer were averaged, and n ҃ 7 measures were used for these analyses. The amounts of prehydrolysis (unesterified SCFAs) SCFAs were deducted from the posthydrolysis values (total SCFAs) to calculate the amount of esterified SCFAs excreted in the stoma digesta and ingested in the custards.
RESULTS
Stoma digesta measures
There were no significant differences in stoma digesta output, pH, or dry matter content (%) between treatment groups ( Table  2 ). All the pH values were above neutrality, which suggested minimal acid production through starch fermentation by bacterial activity in the terminal ileum or stoma bags.
There were no significant differences in the amount of any of the unesterified (nonhydrolyzed) SCFAs (mmol) excreted in the stoma digesta (Table 3 ) between treatment groups. The amounts of unesterified butyrate and propionate were low, but the amounts of unesterified acetate were high in all treatment groups; even ingestion of LAMS resulted in 17.6 Ȁ 3.6 mmol unesterified acetate excreted in the stoma digesta.
Hydrolysis of the starch in stoma digesta released substantial amounts of SCFAs, which indicated that ingestion of acylated starches results in the passage of large amounts of esterified SCFAs through the small intestine (31.6 Ȁ 2.5, 19.5 Ȁ 0.9, and 20.9 Ȁ 1.1 mmol for acetate, propionate, and butyrate in HAMSA, HAMSP, and HAMSB, respectively). The quantity of esterified SCFAs for the relevant acylated starch was significantly larger than the amount of the same acid in all other treatment groups (Figures 1, 2 , and 3; all P 0.001). The amount of esterified acetate excreted in the stoma digesta was higher than expected in all treatment groups (average for all groups excluding HAMSA was 13.1 Ȁ 1.2 mmol). The quantity of acetate released from the digesta exceeded the quantity of esterified acetate ingested for each treatment, which suggests that an endogenous source of esterified acetate was present in the stoma effluent.
Ileal excretion and digestibility
Digesta starch output and digestibility are shown in Table 4 . Starch output was significantly lower after the volunteers ingested cooked LAMS than after ingestion of the other starches; there were no significant differences in starch output between consumption of HAMS and the acylated starches. The resistance to digestion in the small intestine of the LAMS starch in the custard was also significantly lower than that of the cooked HAMS and acylated starches; this lower resistance was reflected in a significantly higher starch digestibility for LAMS.
Custard measures
SCFA content of custards
Compared with the HAMS and LAMS custards, the custards cooked with acylated starches contained significantly larger 1 All values are x Ȁ SEM. n ҃ 7. HAMSA, HAMSP, and HAMSB, acetylated, propionylated, and butyrylated high-amylose maize starches (HAMS); LAMS, low-amylose maize starch. There were no significant differences between groups for any marker when compared by using 1-factor ANOVA. 1 All values are x Ȁ SEM. n ҃ 7. HAMSA, HAMSP, and HAMSB, acetylated, propionylated, and butyrylated high-amylose maize starches (HAMS); LAMS, low-amylose maize starch. There were no significant differences between groups for any acid when compared by using 1-factor ANOVA.
amounts of the respective unesterified acids (4.7 Ȁ 0.2, 2.5 Ȁ 0.04, and 1.1 Ȁ 0.03 mmol for acetate, propionate, and butyrate in HAMSA, HAMSP, and HAMSB, P 0.001). The amounts of unesterified acetate, propionate, and butyrate for LAMS were 0.6 Ȁ 0.02, 0.03 Ȁ 0.02, and 0.02 Ȁ 0.01 mmol, respectively, and were 0.6 Ȁ 0.02, 0.01 Ȁ 0.01, and 0.02 Ȁ 0.01 mmol for HAMS, respectively. This suggests that unesterified fatty acids remained in the starches after acylation or that esterified fatty acids were released during the cooking of the starches. The custards made with the acylated starches contained large amounts of esterified SCFAs (Table 5) , whereas the LAMS and HAMS custards contained negligible amounts of any esterified SCFAs.
Starch content of custards
The starch content (Ȃ130 g/custard serving) of the custards is shown in Table 5 . The values for the custards analyzed by using potassium hydroxide as the dispersing agent were similar to those hydrolyzed with sodium hydroxide, which indicated that the dispersing agent hydrolyzed the esterifed SCFAs. The starch results were within the range of expected values; ie, the acylated products contained between 1 and 2 g less starch than did HAMS.
Balance calculations for SCFAs
The proportion of ingested esterified SCFAs that survived passage through the small intestine was calculated by deducting the average amount of esterified SCFAs in the stoma digesta from the average amount of esterified SCFAs in a serving of each of the custards. To correct for the amount of esterified acids derived from custard ingredients or endogenous secretions, the amount of esterified SCFAs in the digesta was corrected for the amount of esterified SCFAs present in the stoma waste when volunteers ingested starches other than those containing the relevant acylated starch. The amount of esterified SCFAs in the custards containing nonacylated starches was low, and the amount deducted was only substantial for acetic acid. In conclusion, the proportion of SCFAs esterified to cooked acylated starches that survived digestion in the small intestine was between 73% and 76% ( Table 6) .
DISCUSSION
The present study shows for the first time in humans that when highly acylated starches (degree of substitution: 0.23-0.25) are 1 All values are x Ȁ SEM. n ҃ 7.
2 The digestibility of starches was calculated by using the following formula: digestibility ҃ {[(grams of ingested starch) Ҁ (grams of starch output)]/(grams of ingested starch)} ҂ 100.
3 Significantly different from high-amylose maize starch (HAMS), acetylated HAMS (HAMSA), propionylated HAMS (HAMSP), and butyrylated (HAMSB) by using 1-factor ANOVA with Tukey's post hoc tests (P 0.001).
ingested, significant fractions of the esterified SCFAs (73-76%) survive digestion in the small intestine. This finding confirms those of animal studies in which these starches were shown to resist small intestinal amylolysis and to increase large bowel SCFA levels (4 -6). The data in the current study suggest that significant amounts of each of the esterified SCFAs (19 -21 mmol acetate, propionate, or butyrate) would reach the colon in humans and, if released by bacterial enzymes, would be available to exert a potential health benefit.
On the basis of a reported study (10) in which raw starches were fed to colectomized rats, it was anticipated that nearly one-half the acylated starches would be digested in the small intestine, whereas nearly two-thirds of the HAMS would be digested. However, in the present study, the small intestinal digestibilities of the cooked acylated HAMS were similar to those of cooked HAMS, which was the base used to manufacture the acylated starches. The small intestinal digestibilities of these starches were very similar to the digestibility of cooked highamylose cornstarch reported in vitro (6) and when measured by using endoscopic retrograde bowel insertion methodology (34%; 11). Other workers (12) using a combined 13 CO 2 /H 2 breath test found that cooking high-amylose starches reduces the resistance to small intestinal digestion from 64% to 28%, which is also similar to the level reported in this study. In the current study, LAMS was nearly completely digested, which is comparable with the digestibility of standard maize starch in rats (10) .
Both HAMS and acylated HAMS supply similar levels of RS as fermentable substrate to the large bowel. The average RS intake for Australians is between 3.4 and 9.4 g/d (13), which is similar to the amount of cooked HAMS that escaped small intestinal digestion in the present study (5.8 g). On the basis of the work of others (14), it is estimated that colonic fermentation of 5.8 g cooked HAMS would provide 40, 7, and 9 mmol acetic, propionic, and butyric acids, respectively. These amounts compare with the totals of 59, 26, and 30 mmol acetic, propionic, and butyric acids either delivered (19 -21 mmol) or fermented (40 -9 mmol) from 20 g ingested cooked HAMSA, HAMSP, or HAMSB. The production of acylated starches provides a method of tailoring the delivery of significant amounts of specific SCFAs to the large bowel to concentrations in excess of those normally produced by colonic fermentation of RS. Because SCFAs are absorbed from the human gut in a concentration-dependent manner (15) , increasing the concentration of SCFAs in the large bowel by the the ingestion of acylated starches results in greater uptake than when similar quantities of HAMS or the typical Australian diet are ingested. Acylated starches, therefore, have 4 Significantly different from other starches by using 1-factor ANOVA with Tukey's post hoc tests (P 0.001). Because of the high values and larger variances with acylated starches, these statistical tests were based on one estimate of variation.
TABLE 6
Percentage of ingested esterified acetic, propionic, and butyric acid in the stoma digesta of ileostomy volunteers after ingestion of 130 g custard 3 Average amount of each esterified acid in stoma digesta of groups not ingesting the relevant esterified short-chain fatty acids [eg, average of low-amylose maize starch, high-amylose maize starch (HAMS), propionylated HAMS (HAMSP), and butyrylated HAMS (HAMSB) for acetylated HAMS (HAMSA)]. There were no significant differences in the percentage of esterified acids surviving passage through the small intestine when compared by using a nonparametric Kruskal-Wallis test.
potential application in conditions amenable to improvement by increasing SCFAs in the large bowel. For example, SCFA enemas have been used to treat distal ulcerative colitis (16) , whereas ingestion of acylated starches may be a more acceptable strategy.
The use of ileostomy subjects to study small intestinal excretion is considered an accurate, direct, and quantitative method (17) of measuring the amount of starch resistant to digestion. Potential criticisms are that small intestinal function may be modified by the surgery, or the terminal ileum may be colonized with bacteria, which could ferment starch. However, the colonization effect is likely to be small, and the ileostomy model appears to be a reliable in vivo method of measuring RS (18) . The consistently high pH of digesta stoma from the volunteers in the present study supports the hypothesis that minimal SCFA release or starch fermentation occurred in the small intestine of the volunteers.
The concentrations and amount of acetic acid (both unesterified and esterified) in the stoma digesta were disproportionally high when compared with the other acids, and this additional acid may have been derived from endogenous sources. For example, the highly glycosylated mucin secretions of the duodenal Brunner's glands contain high concentrations of N-acetylgalactosamine and N-acetyl-glucosamine in New World primates (19) , although the concentrations may be lower in the mucus of humans (20) . Acetate has been reported previously in the stoma digesta from ileostomy subjects (21) , although the concentrations in the earlier study were tenfold those of the unesterified acetate concentrations found in the current study. The difference in acetate concentration may have been due to the method of analysis (22) , which may have released esterified endogenous acetate in the earlier study.
In conclusion, we showed for the first time that when highly acylated starches are ingested by humans, 73-76% of esterified SCFAs resist digestion in the small intestine. The data confirm that acylated starches are a potentially effective method of delivering significant quantities of specific SCFAs to the colon, and hence the potential for these products to have application in the treatment and prevention of bowel disorders is considerable.
We thank Debbie Davies, Ben Scherer, Julie Dallimore, Paul Orchard, Sylvia Usher, Michelle Vuaran, and Balazs Bajka for conducting the trial and undertaking the analytic work. In addition, Ian Saunders of Commonwealth Scientific and Industrial Research Organisation Mathematical and Information Sciences (Urrbrae, South Australia) is gratefully acknowledged for his statistical advice.
The authors' responsibilities were as follows-JMC: participated in the design and conduct of the experiment, the evaluation and interpretation of the data, and the preparation of the manuscript; LC: was involved with the conception and design of the experiment, interpretation of the data, and preparation of the manuscript; ARB: was involved with the design and conduct of the experiment, the interpretation of the data, and the preparation of the manuscript; and DLT: participated in the conception and design of the experiment and preparation of the manuscript. DLT and ARB are inventors on patents WO 01/02016 A1 and WO 02/02102 A1. JMC and LC had no personal or financial conflicts of interest.
